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RESEARCH MEMORANDUM

TWO-DIMENSTONAL CASCADE INVESTIGATION OF THE MAXTMUM EXTT TANGENTIAL
VELOCITY COMPONENT AND OTHER FLOW CONDITIONS AT THE EXIT OF SEVERAL
TURBINE-BLADE DESIGNS AT SUPERCRITICAL PRESSURE RATTOS

By Cavour H. Hauser and Henry W. Plohr

SUMMARY

In order to eveluate the flow conditions within a gas turblne for
the range of operating condlitions near maximum turbine power output,
an investigation of the flow through a two-dimensional cascade of
turbine blades at supercritical pressure ratios was made. The nature
of the flow at the exit of the blade row for the range of conditions
represented by four different blade configurations was evaluated,
thereby determining the range of application of a theoretical method
for predicting the maeximum exit tangential velocity component. The
losses obtained in the two-dimensional cascade are presented in terms
of a velocity coefficient. The effect of a reductlion In the solidity
from 2.16 to 1.68 was determined by comparing the results of two blade
configurations having the same exit and entrance angles. Studies of
the blade configurations having exit angles of 42.0°, 34.2°, and 20.0°
measured from the tangentiel dilirection were compared to determine the
effect of changling exit angle.

The experimental studies of the cascade included both static-
pressure surveys and schlieren photographs. Pressure measurements were
used to determine the velocities at the exit by the conservation-of-
momentum principle.

The results of the investigation showed that, for the blades
investigated, the general flow phenomens at the exit were essentially
the same for g1l four blade configurations. Maximum turbine power
output. occurs when the shock wave that swings downstream along the
suction surface finally reaches the blade tralling edge. When the
pressure ratio is increased beyond this point, the losses become
greater with no increase in turbine work.

The most significant change in performance caused by reducing the
solidity from 2.16 for configuration I to 1.68 for configuration IT
was an lncrease in the velocity coefficlent of as much as two points.
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For blades of the type ‘investigated, the maximum exit tangential- -
velocity component 1s a function of the blade geometry only and can be ’
accurately predicted by the method of characteristics.

For a given angle of flow at the exit of the guided chsnnel, a
substantial increase in the maximum exit tangentisl veloclty component
can be obtained with curvature of the suction surface downstream of the
exit of the guided channel.

L1122

For all four configurations, a meximum value of veloclty coeffl-
clent is obtained at & pressure retio immediately below that reguired .
for maximum blade loading followed by a sharp drop after maximum blade
loading occurs. '

INTRODUCTION

In the operstion of axial-flow turbines for given inlet conditions
and blade speed, a definite limitation occurs in the power ocutput—that
can be obtained as the pressure ratio across the turbine is increased.
In the deslign of an alrcraft gas turbine, 1t 1s therefore necessary to
predict the meximum power output to lnsure that the required turbine-
power output for any condition of engine operation will fall wilthin
this limit. For fixed cornditions at the turbine inlet, 1f the pressure
ratio 1s increased beyond the point for which the blade passages are .
choked, thereby limiting the mass flow, the power output will continue
to increase because of the supersonic expansion that occurs at the
exit of a row of choked blade passages. Thus, in order to determine the
nature of the flow within s turbine for operating conditions approaching
meximum power output, an experimental study of the flow conditions at -
the exit of four turbine-blade configurstions at supercritical pressure
ratios has been made at the NACA lLewis lsbhorstory with a two-dimensilonal
cascade. The results of the investigation of the following problems
assoclated with the condition of high turbine power output are presented
herein:

(1) The nature of the flow within the blade passages for opera-
tional conditions in the range of maximum turbine power

(2) The blade design factors that affect the maximum power output

(3) The derivation of a theoretical method for the determination
of the exit flow conditions and an experimental evaluation of the range
of appliceation ' L

(4) An estimate of the losses assoclated with turbine operation at
conditions in the range of maximum power .
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The four blade configuretions studied were planned so that the
effects of varying solidity and blade exit angle could be evaluated.
The results obtained with configuration I, having a solidity based on
axial width of 2.16 (2.32 based on blade chord), were compared with
those of configuration II, having the same entrance and exit angles but
a solidity of 1.68. The effect.of chenging blade-exit angle was deter-
mined by comparing the results obtained from configurstions I, IIT, and
IV having exit angles, measured from the taengentisl direction, of
34.2°9, 42.0°, and 20.0°, respectively.

The results of & preliminary investigation of configuration I are
presented in reference 1. The results presented herein were obtained
when more extensive instrumentation was used.

In the experimental investigation of each of the blade configura-
tions, a survey of the statlc-pressure distribution on the blade surface
and downstream of the blade row was used to evaluate the velocity and
the flow angle by the conservation-of-momentum principle. In addition,
schlieren photographs of the flow through the passages were taken with
the blades mounted between glass plates. All the experimental studies
were carried out for an inlet temperature of 600° R, an inlet pressure
within 5 percent of 22.0 pounds per squere inch, and total-to-static
pressure ratios from 1.89 to as high as 13.90.

SYMBOLS
The following symbols are used in this report:
A area, (sq f%)

K frictional drag force, (1b)

1 flow path length aloug suction surface to center of ares downstream
of throat, (£t)

m mass flow, (slug/sec)
P pressure force, (1b)
P Dpressure, (1b/sq ft)

L Wavp_av

Rg; Reynolds number,
av

W relative velocity, (ft/sec)
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B angle of flow measured from tangential direction, (deg)

& angle of flow deviation, Bz - B, (fig. 1), (deg)

Y ratio of specific heats, 1.40 for air

p maes density, (slug/cu £t)

g absolute viscosity, (1lb-sec/sq ft)

T shearing stress due to boundary-layer friction, (1b/sq ft)

Subscripts:

a 1n the direction of blade Buc¢tion surface at exit

av average on suction surface from leading edge to center of area
downstream of throat used for computing Reynolds number

cr critical

n in the direction normal to blade suction surface at exit

8 suction surface of blade downstream of throat

t tralling edge of blade

u tangential component

X axlal projection or component

1 entrance to cascade

2 exit of cascade

3 station downstream of blade row where exlt flow is evaluated

Superscript:

stagnation state

THEORETICAL ANALYSIS
Method of Evaluation of Flow &t Cascade Exit

The flow conditlons downstream of the cascade were evaluated by

the conservation-of-momentum principle as suggested in reference 2.

LT22
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The equations of momentum conservation are applied to the mass of £luid
enclosed by region ABCDEFGA shown in figure 1. When the components of
momentum are resolved 1n directions parallel and perpendicular to the
direction of flow at statlion 2, the velocity components at station 3,
for the case of a straight suction surface downstresm of and normal to
the throat section, are

Pa - Kﬁ,s - Pa,S

Wg,3 = Wa + — (1a)
P - P
_ _n,s n,3
Wy s = ——2—-——m 2 (1v)

The pressure force P, acts in the direction of the velocity at this
station and is composed of two parts: EéAz, the average pressure times
the area at station 2 plus EfAt’ the pressure force over the trailing
edge of the blade. The frictional drag Ky g 1is small compared with

the pressure forces and therefore can be caiculated with sufficient
accuracy by assuming a turbulent boundary layer from the lesding edge
glving the equation (reference 3):

— ¢z y 8
K__z.,_s - ?s - 0.059—| Es(:s) ] (2)

: Rg) /7]

The average values of density, velocity, and viscoslity can be obtained
from the static-pressure distribution on the blade surface assuming

‘ isentropic flow relations.

When the static pressure measured at station 2 is equal to the
critical value, uniform sonic velocity cen be assumed to exlst at this
station. The mass flow is calculated for this condition assuming
isentropic flow upstream of this statlion and a flow coefficient
of 1.

The pressure distribution over the surfaces AB and Ax,S are

determined experimentally. The pressure forces acting on the Jjet
boundaries CD =and EF are equal and opposite and therefore have no
effect on the flow. TFrictional forces along these boundarles are

neglected.
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Maximum Obtainable Tangential Veloclty for
Given Blade-EBxit Configuration

Because the pressure force P3 has no component in the tangential
direction, if the small frictional force Ka,s is negligible, the

tangentlal wvelocity component Wu,S is dependent only on the momeﬁtum-

at station 2 and the pressure force Ps' The blade configuration shown

in figure 2 has uniform sonic velocity across the throst section
(station 2), which is parallel to the straight portion of the suction
surface downstream of-this station. For this configuraetion, the maximum
possible tangential velocity at station 3 can be calculated by the
method of characteristics and is a function only of the blade angle B

The tangentlal critical velocity ratio at the exit (Wu/Wcr)s can be
obtained from the momentum relation:

ﬁ;- tea B%] cos B (3)
W'CI‘ Wcr m Wer 2

Because the critical veloclty retio (W/Wcr)z is equal to 1.0, the
values of P2 and m will be fixed for given injet stagnation condi-

tions. Apparently then, for these conditions, the exit tangential
veleoclty component is dependent only on the blade angle ﬁz and the

pressure force Pn s° The pressure distribution on the suction surface
’

downstream of station 2 can be determined by the method of character-
istics (reference 4) as shown in figure 2. When the pressure ratioc is
sufficient to cause the Prandtl-Meyer expansion around point B to extend
along the suction surface to the trailing edge with a pressure distri-
bution as shown 1n figure 2, the integral of the pressure distribution
over the suction surface area downstream of the throat section P s
will heve reached a minimum velue that will correspond to & maximifh
value of the tangential critical velocity ratio (W,/W_,.)z. As the

angle Bz is decreased, this miniwmum value of P .8 obtained for

maximum blede loading is lowered, giliving even higher posaible tangential
velocities than would be expected from the changes in the values of
tan B, and cos Bz alone. The analyais by the method of character-

igstics for 1 = 1.40 was made over & range of values of exlt angle

for the blade configiration shown in figure 2Z; the results are plotted
in figure 3 which gives the maximum attainable exit tangential velocity
component as a function of—the angle Bs- The experimental verification

of this curve is discussed later in the report.

)

L1282
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EXPERTMENTAT, APPARATUS AND PROCEDURE
Blade Design

The four blade configurations that were experimentally investi-
geted in the cascade are shown in figure 4. Two different blade profiles
were used to make up the four configurations. The channel between
blades was designed on the basis of one-dimensionel-flow theory in
order that the velocity would comtinually increase to the throat
section (station 2). Configuration I (fig. 4(a)) is made up of high-
reaction blade profiles (blade 1) having a blade exit angle B, of
34.2° and a solidity of 2.16 based on the axial width.

In order to determine the effect of lowered blade solidity on the
exit flow conditions, the blades used in configuration I were spaced
further apsrt and the blade angles Bl and Bo were held constant in
configuration IT (fig. 4(b)). The solidity for this configuration was
1.68.

Configurstions III and IV were investigated and compared with I
to determine the effect of changing the blade exit angle Bz on the
exit flow conditions. Configuration IIT (fig. 4(c)) is made up of
low-reaction blade profiles (blade 2) having an exit angle B5 of

42.0° and a solidity of 2.16. Configuration IV (fig. 4(d)) is made
using blade 1 with the angle of the profiles changed to give very high
reaction and a blade exit angle of 20°. The solidity is 1.41. This
configuration is representative of a turbine-stator design.

For configurations I, IT, and ITI, the portion of the suction
surface downstream of the guided channel is a straight line parallel
to the direction of flow at the throat section. For configuration IV,
the straight portion of the suction surface downstream of the guilded
chennel makes an angle of 20.0° with respect to the tangential direction
while the flow direction at the throat is at an angle of 31.0°. This
latter configuretion requires the attached flow on the suction surface
to turn an additional 11° downstream of the throst section.

Experimental Equipment

Two experimental test sections were made up for each of the four
configuraetions, one for making stetic-pressure surveys and another for
obtaining schlieren photographs. The axisl width of the blades was
1.80 inches for configurstions I, II, and III and 1l.58 inches for con-
figurstion IV. The blade height was 2.00 inches for a1l four

configurations.

The static-pressure survey test section of configuration I is
shown in figure 5. The cascade of six blades and two end bloeks,
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forming seven egusl passages, was mounted bhetween two static-pressure
tapped steel plates. Measurements obtained from the 13 static-pressure
taps 0.39 inch upstresm of the bledes were used 1in order to determine’
the uniformity of the flow at the entrance to the cascade. Static- ’
pressure messurements obtained from the 21 taps upstream of the throat
section on the pressure and suction surfaces of the center passage were
used to show that the velocity in the channel approached sonic speed.
These measurements were also used toobtaln average values of veloclty
and density used in the calculation of the Reynolds mmber Rs‘ A

total of 11 static-pressure taps, spaced approximately 1/16 inch apart
on the straight portion of the suctlon surface downstream of the throat,
were used to obtein the pressure distribution over the area Ag. The
pressure distribution at station 3 was obtained from 33 stetic-pressure
taps 0.39 inch downstream of the blede row. Theé static-pressure-survey
test sections of configurations II, ITI, and IV hed simllar instrumenta-
tion. The cascade of configuration IITI also had seven equal passages
and configurations II and IV had five equal passages.

LT2%

Schlieren photographs of the flow through each cescade configura-
tion were obtained from a test sectlon with optical glass plates
substituted for the steel plates used in the pressure-survey tests.
The blades were pinned to four steel bars about 0.10 inch square in
crosse section that were inlaid in slots ground in the glass plates.
Static-pressure taps in the exhsust ducting were observed for both the
static-pressure surveys and the opticsl teste in order to correlate the .
schlieren photographs with pressure-survey data.

For all cascade tests, ailr from the high-pressure air-supply
system of the laboratory was passed through a steam-supplied heat
exchanger to'a surge tank, 42 inches in diemeter and 72 inches in
length, at the entrance of the test section. The heat exchanger was
used to raise the inlet-air temperature to 800° R in order to avold
the possibility of encountering condensation shocks in the test section.
The surge tank contained & diaphragm of fine-mesh screens and a bank of
flow-straightening tubes for equalizing the velocity distribution over
the area of the tank. The test section was mounted directly on the
downstream end plate of the surge tank (fig. 6)}. Alr from the test
section was exhausted to the low-pressure exhaust system of the lab-
oratory. Two large horizontal wooden nozzle blocks guided the air from
the inside of the surge tank into the test sectlion. Provieion was made
for drawing off the boundary-layer air from the horizontal walls

lg inches upstream of the cascade. The houndary-layer slots extended

over the width of the cascade and were divlded into four equal sections
each having an individual valve for metering the flow. The alr from
these boundary-layer ducts was exhausted to the 1ow=pressure system of
the laboratory.

!
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The inlet total pressure and temperature were measured in the surge
tank just upstreem of the cascade. The inlet total temperature was mea-
sured with a thermocouple and read on a potentiometer to within 1° F.
The static pressures were read on manocmeters to an accuracy within
0.05 pound per square inch. All the experimental studies were carried
out for an inlet temperature of 800° R, an inlet pressure within 5 per-
cent of 22.0 pounds per sguare inch, and totsl-to-static pressure ratios
from 1.89 to as high as 13.90.

Calculation Methods for Static-Pressure-Survey Datsa

The exit flow conditions were evaluated by the conservation-of-
momentum principle (equation (1)) using the experimental date obtained
from the static-pressure surveys. The flow was assumed to be isentropic
from the stagnation conditions in the surge tank to critical conditions
at the blede throat section. The mass flow was calculated for these
assumed. conditions at station 2 and an assumed flow coefficient of unity.

For configurations I, II, and III, the pressure force Pn,s was
evaluated by integrating a plot of the static-pressure distribution over
the area Ag. The pressure piy was read from these plots at the point

corresponding to the trailing-edge point F. The frictional drag force
Ka,s was evaluated by equation (2) using average values of density and

velocity obteined from the static-pressure distribution assuming
isentropic-flow conditions. The pressure force P3 was obtalined from
an integration of the pressure distribution along the survey line at
station 3.

Evaluation of the exit flow conditions for configuraetion IV were
made in & similer manner, when equation (1) was used in a modified form.
This modification was necessary in order to sccount for the 11° of
turning downstream of station 2.

A velocity coefficient, defined as the ratio of the calculated
velocity at station 3 to the isentropic velocity corresponding to the
static pressure at that statlon, was evaeluated. The efficiency of the
expansion through the blade row is equal to the square of this velocity
coefficient.

RESULTS AND DISCUSSION
The results of the analyses based on the static-pressure surveys
are shown in figure 7. The flow deviation engle, the velocity com-

ponents at the exit of the blade row, and the velocity coefficient are
plotted against the total-to-static pressure ratio p'l/bs. Schlieren
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photographs of the flow past each blade configuration at various pressure
ratios are shown in figures 8 to 11. The pressure ratios for which the -
various schlieren photogreaphs were taken are indicated in figure 7.

Exit Flow Conditions Obtained with Increasing Pressure Retio

The general flow phenomena downstream of the guided channel of the
blade were the same for all four configurations. The results obtained
for configuretion I shown in figure 7(a) are typical. As the pressure
ratio p'l/p3 is increased beyond the value required tc obtaln sonic
velocity at the throat section at the exit of the guided channel, the
flow immedietely downstresm of thilg station becomes supersonic, followed
by an ohligque shock wave, as shown in figure 8(a). Further increases in
the pressure ratio cause the supersonic region upstream of the shock wave
to be extended end the angle of the shock wave becomes more acute
(fig. 8(b)). A second shock wave 1s seen to originate from the flow
separating from the suction surface side of the traillng edge The
velocity at station 3 shown in figure 7(a) continues to increase et a
fairly constant angle until a pressure ratio of 2.75 ig attained. At
this point the treiling-edge portion of the blade is fully loaded; that
is, the velocities on the suction surface have attained maximum values,
and the exit tangential critical velocity ratio remains canstant at a
velue of 1.0. Meaximum blade loading occurs when the oblique shock wave
that swings downstream along the blade suction surface finslly reaches
the blade trailing edge. This condition is shown in figure 8(c). The
experimental velocity distribution over the trailing-edge portion of the’
blade suction surface for this condition is the seme as that calculated
by the method of characteristics, as shown in figure 2. The maximum
tangential component (Wu/wcr)s of 1.0 is appsrently in close agree-

ment with the theoretical value at the blade angle Bz of 34.2° in

figure 3. It would be undesirable to use pressure ratios greater than
that required for maximm blade loading in an actual turbine. Greater
losses would be encountered in the exit shock wave pattern as shown in
figures 8(d) and 8(e) without an increase in the work output of the
turbine. In analyzing the velocity coefficients, it is important to
note that the values plotted in figure 5 are an indication of the losses
upstream of survey station 3 only; for example, for configuration I, the
velocity coefficient is a maximum at pressure ratios immediately below
that required for maximm blade loading. The coefficient drops off
sharply after meximum blade loading is obtained and increases slightly
at pressure ratios greater than 3.40. This rise in the measured _
velocity coefficient qccurs when the shock waves, which originate from
the separation of the flow from the pressure surface, move downstream
of the survey station so that the lossges occurring in these shock waves
do mot affect the medsured velocity coefficient. The shock wave patterns
in figures 8(d) and 8(e) show the menner in which this occurs. _

L1232
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Effect of Solidity

A comparison of the results presented in figures 7(a) and 7(b) indi-
cates that the main effect of the change in solidity from 2.16 for con-
figuration I to the value of 1.68 for configuration II is to raise the
velocity coefficient as much as two points. Evidently the improvement
in efficiency is caused by the reduced wake losses that are due to the
reduction in the number of blades.

The velbcity éamponents for configuratibns I énd IT show approxi-
mately the same pattern., The tangential wvelocity component (Wu/Wcr)3

is slightly higher over the whole range of pressure ratiqs for cornfigura-
tion II but reaches a maximum vaelue for both configurations at a pressure
ratlo of about 2.75.

The deviation angle for configuration II is somewhat lower than
that of configuration I for the low pressure ratios; however, the
deviation angles sre aspproximately equal for both configurations at
pressure ratlos greater than 2.75 where maximum blade loading is
obtained. Apparently the angle of flow and the veloclty coefficient are
rather erratic and unpredictable until maximum blede loading is
approached because of the interaction of shock wave and boundary layer
along the trailing-edge portlion of the suction surface. A comperison of
the schlieren photographs in figures 8 and 9 indicates that differences
in flow angle of about 3° or 4° might be caused by the different shock-
wave patterns at the blede exit. As the discussion in reference 5 indi-
cates, the flow conditions &t the trailing edge of an girfoll are depend-
ent on the Reynolds number and the boundery-layer thickness Jjust upstream
of the point of separation, and therefore prediction of the conditions
in this region is difficult. After meximum blade loading is obtained,
however, conditions upstream of the blade trailing edge become stabi-
lized. The deviatior angle then increases constantly with increasing
pressure ratio as the axial component increases with constant tangential
velocity. )

Effect of Blade Exit Angle

A comparison of the results in figures 7(a), 7(c), and 7(d) shows
the change in blade performance that results from the varilation in blade
exit angle for configurations I, III, and IV, respectively. The pressure
ratio corresponding to maximum blade loading incresses markedly as the
blade angle is decreased. Thus for configuration ITT, for which the exit
angle is 42.00, maximum blade loading is obtained at a pressure ratio of
2.3, whereas for configuration IV, with an exit angle of 20.00, maximum
loading is not obtained until the pressure ratio is about 3.5.

The experimental value of the maximum tangentiasl wvelocity component
CWu/Wcr)s is in excellent agreement with the theoretical value for all
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four configurations. The experimental velues obtained for configura-
tions I, IY, and TIY are plotted in figure 3. For configuration IV,
the curvature of the suction surface continues downstream cof the exit
of the gulded channel; therefore, a separate analysis by the method of
characteristics was made for this configuration in a menner similar to
that shown in figure 2. The maximum value of (W,/W..)z obtained

theoretically in this manner was 1.17, which is in satisfactory agree-
ment with the maximum experimental value of 1.18. Becatge the passage
is choked at the exit of the guided channel, the mass flow will be
determined by the angle of flow at this station and the trailing-edge
thickness of the blade. The 11° of turning along the suction surface
downstream of this station was therefore effective in providing a sub-
stantial increase in the exit tangential velocity (Wﬁ/Wcr)3 from the

value of 1.08 corresponding to & blade angle B, of 31° (fig. 3) with-
out decreasing the mass flow.

Apparently for configurations IIT and IV, as well as I and II, the
angle of flow is rather erratic until the blade is fully loaded. For
configuration IV, especially, the deviation angle varies as much as
9° for small changes in pressure ratio. Evidently greater flow insta-~
bllity exists at the high Mach numbers along the suction surface near
the tralling edge of the blades in configuration IV. The deviation
angle is positive over the whole range of pressure ratiocs for configure-
tion IV. At the low pressure ratios, the positive deviation angle i=s
caused by a tendency for the flow to seperate a varying degree from the
suction surface near the tralling edge which is turned 11° tangentially
from the flow direction at the exit of the guided channel. After the
blade is fully loaded, the deviation angle remains posiltive because of
the acceleration of the axial velocity component at station 3 while the
tangentisl component remains constant.

In order to estimate the magnitude of the losses occcurring in the
shock waves downstream of survey station 3, a theoretical analysis by
the method of characteristics was made for configuration I at & pressure
ratio of about 3. At this pressure ratio, meximum blade loading 1is
obtained and the shock-wave pattern can be simplified as two single
obligue shock waves originating from the separation of the flow from o
either side of the blade trailing edge. The shock-wave positions were
measured from the schlieren photograph of figure 8(c}. The total- '
pressure loss experienced by the flow from ohe passage crossing succes-
sive shock waves was evaluated untll the shock strength was negligible.
The theoretical velocity coefficient obtained from this snalysis, that
considers the shock losses only, is 0.991 at station 3, whereas further
downstream, where the shock losses have become negligible, the velocity
coefficient is 0.978. The measured value at station 3 (fig. 7(s)) is
0.958 for this condition. The additicnal losses measured experimentally
are probably—due to viscous effects. Even though the theoretical shock
losses downstream of station 3 are greater than those upstream of this

L1322
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station, the over-all loss due to the shock waves is not large. The
theoretical velocity coefficient of 0.978 corresponds to an efficiency
of 0.957. The experimental results indicate that some improvement in
efficiency may be realized by operaeting the blade at a pressure ratio
Jjust below the ratio required for maximum blade loading. Figure 7(a)
indicates that at a pressure ratio of sbout 2.6 the experimental veloc-
ity coefficient is 0.976, whereas the tangential velocity component is
negligibly smaller than the maximum values at this pressure ratio. The
improved efficiency is evidently caused primarily by decreased shock-
wave strength at the lower pressure ratio.

The veloclty coefficient for configurations III and IV shows the
same general pattern as those of configurations I and IT. A maximum
value of velocity coefficlient is obtained at a pressure ratio immediately
below that required for maximum blade loading followed by a sharp drop
after maximum blade loading occurs. As before, the gradual rise in
velocity coefficient at the higher pressure ratios is caused by the move-
ment of the trailing-edge shock waves downstream of survey station 3.

A comparison of the velocity coefficient for configuration IV with those
of reference 6 shows that even though different methods of evaluation
were used, the veloclity coefficlents obtalined are of the same order of

magnitude.

SUMMARY OF RESULTS

An experimental study of the flow conditions at the exit of four
turbine-blade configurations at supercritical pressure ratios has been
made in a two-dimensional cascade. The following results were obtained:

1. For the blades investigated having uniform sonic velocity at
the exit of the guided channel and nearly straight suction surface down-
stream of this station, the genersl flow phenomena downstream of the
guided channel at supercritical pressure ratios were essentially the
same for all four configurations. The maximum blede loading, corre-
sponding to maximum turbine power, is cobtained when the shock wave
which swings downstream along the suctlion surface finally reaches the
blade trailing edge. Increasing the pressure ratio beyond this point
increases the losses with no increase in turbine work.

2. The most significant change in performance caused by reducing
the solidity from 2.16 for configuration I to 1.68 for configuration IT
was to increase the veloclty coefficient as much as two points.

3. For blades of the type investigated, the maximum exit tangential
velocity component is a function of the blade geometry only and can be
accurately predicted by the method of characteristics.
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4. For a given angle of flow at the exlt of the guided channel where
the pessage 1s choked, thereby limiting the turbine m2ses flow, a substan-
tial incresse in the meximum exlt tangentlal velocity component can be
cobtained with curvature of the suction surface downstream of the exit
of the guided channel.

5. For all four configurations, & maxlmum value of velocity coeffi-
cilent 1s obtained at a pressure ratic immediately below that required
for maximum blaede loading followed by & sharp drop after maximum blade
loading occurs.

Lewis Flight Propulsion laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Chio, Mmy 17, 1951.
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Figure 1. - Diagram of flow conditlons at exit of cascade of turbine
rotor blades at supercritical pressure ratios for analysis using
conservation-of-momentum principle and measured values of static-
pressure distribution.
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Exlt tangential critical velocity ratio, (wu/wu) .
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Figure 3. - Maximum tengential veloclty component determined by method of
characteristice for turbine blade with fully loaded, straight suction surface
dowvnstream of and normal to throat section at exit of guided channel.
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7 %

B2

(b) Blade configuration II. Blade 1:

(a) Blade configuration I. Blade 1: By, 48.5% B,, 34.20; solidity, 1.68.

By» 48.5% By, 34.29% solidity, 2.16.

Wl \\WE ' wz
B
<::E§::;;? B2

{c) Blade configuration III. Blade 2: (d) Blade configuration IV. Blade l:
By, 45.0% B,, 42.09; solidity, 2.16. By, 62,69 By, 20.0% solidity, 1.41.

Figure 4. - Blade configurations studied.
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Figure 5. - Plan view of static~-pressure-survey tesi sectlon with blade configuration I installed.
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(b) Schliersm photograph; total-to-statlc pressure

ratlio, 2,20,

{a) Sohlieven photograph; total-to-statlo prossure
ratlo, 1,82,

Figure 8. - Optleal studies of configwration I.
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{c) Schlieren photograph; tolal-to-static pressure
ratlo, 3.08.

(d) Sohliermn photograph; total-to-statlc pressure
ratio, 3.41.

Figure B. - Continued, Optical studles of configwraticn I.
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(e) Schlieren photograph; total-to-stetlc presaure
ratio, 7.20,

Figure 8. - Concluded.- Optical studies of configuration I.
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(2) Sohlierem photograph; ;etal-to—static raasure (b) Suhlieren photograph; total-to-static preagsure
ratio, 1.97.

ratio, 2,79.
Figure 9, - Optical stulles af configuration IT,
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(c) schlieren photograph; total-to-gstatlc pressure (d) Schlieren photograph; totel-to-statio pressure
ratio, 3,28, ratio, 5.00.

Flgure 9, - Conoluded. Optical studies of configwration II.
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(2) Schliereln photograph; total-to-gtatic pressure
ratio, 1,88.

Figurs 10, - Optical atwdies of configuration ITI.

(b) Schlieren photograph; total-to-statlc precsure

ratio, 2.15
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(c) Sohlieren photograph; total-to-static pressure {4) Seblieren photograph; total-to-statlc preeswre
ratio, 2,42, ratlo, 2.72,

Figure 10. - Continued. Optical gtudies of comfigurebtlon ITI.
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(e) Schlieren photograph; total-to-static pressure
ratlo, 5,40,

Figure 10, = Concluded.

Optical studlea of conflguration III.
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(2) Schlieren photograph; total-to-statlo pressure (b} Schlisren photograph; total~tohfiakle tidssurs
ratio, 1.96 ratlo, 3.41,

Figurs 1l. « Optleal studles of configuratlon IV,
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(c) Schllaren photograph; total-to-gtatlo pressure {d) Schllersn photograph; tctal-to-static pressure
ratio, 4,39, ratio, 13,90.

Figure 11, - Concluded. Optical atudies of configwation IV.
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